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Abstract 
Quick and periodic inflow-outflow of adsorbate in an adsorbent column creates a differential temperature between the two ends 
of it, allowing for the generation of continuous sorption cooling in a single adsorbent tube. The concept has been proven 
experimentally and theoretically for near room temperature applications using activated carbon-nitrogen. The feasibility of 
generating continuous solid sorption cooling in a single adsorbent tube in the cryogenic domain has been studied theoretically 
with a different adsorbent-adsorbate pair, namely, activated carbon-hydrogen. Precooling of gaseous hydrogen (before it enters 
the adsorbent column) and removal of the heat of adsorption has been achieved using liquid nitrogen. Theoretical estimation 
shows nearly 20 K temperature difference between the two ends under no load condition. Finally, parametric variations have 
been performed.  
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1. Introduction 
The use of vibration-free solid sorption cooling in space cryogenics has been proved successful for ages (Jones 
and Golben, 1985; Prakash, et al., 2000; Bhandari, et al., 2004; Borders, et al., 2004). Periodically adsorbed (or 
desorbed) gas to (or from) solid adsorbent particles generate a pressure swing required in Linde-Hampson cycle 
based liquefaction processes. The role of adsorbent beds in the heat driven process is that of a compressor as 
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mentioned in Sun, et al. (1996) and Olivera (2011). Alternatively, Leppard and Leslie (1980) have shown that 
adsorbent beds can also be used as condenser or evaporator, while a mechanical compressor generates the required 
pressure swing. The cooling power in a ‘thermal compressor’ driven system is due to evaporation of the refrigerant. 
 
Nomenclature 
A1 Internal cross-sectional area of the container (m2) 
A2 Area of the annular section (m2) 
Cp Heat capacity of adsorptive (J/kg-K) 
Cps Heat capacity of activated carbon (J/kg-K) 
Cpw Heat capacity of wall (J/kg-K) 
Dax Axial dispersion coefficient (m2/s) 
heff Effective heat transfer coefficient between bed and surrounding (watt/m2-K) 
ǻH Heat of adsorption/desorption (J/mol) 
kb Bed thermal conductivity (W/m-K) 
kwall Wall thermal conductivity (W/m-K) 
Mg Molecular weight of adsorptive (kg/kmol) 
q (x,t) Gas adsorbed at any instant of time (kmol/kg) 
R Universal gas constant (J/kg-K) 
T Temperature (K) 
t Time (s) 
u Interstitial velocity (m/s) 
Greek symbols 
ܭ Void Fraction 
ȡ Density of gas (kg/m3) 
ȡs Density of adsorbent (kg/m3) 
ȡw Density of wall material (kg/m3) 
 
The cooling power in the ‘mechanical compressor’ driven system is because of desorption of the gases from the 
adsorbent (Sward and LeVan, 1999). Application of the second type of cooling process in cryogenics is rare. Use of 
multiple beds and alternatively connecting them to heat sink and heat source enhances operational hazards and 
reduces thermal performance. Recently, a new concept has been proposed for creating a temperature differential 
between the two ends of a single adsorbent column with the quick and sequential inflow and outflow of adsorbate 
through the bed (Koley and Ghosh, 2013a). This sorption cycle is fundamentally different from pulse tube operation 
in terms of their operating frequencies and the origin of cooling. The cooling in ‘single bed’ is due to the heat of 
desorption, whereas, the expansion of gaseous helium produces cryogenic refrigeration in a pulse tube.  
The proposed sorption cooling cycle is a combination of two half cycles, namely, adsorption and desorption 
(Koley and Ghosh, 2013a). Firstly, pressurization (adsorption) of the bed is accomplished by allowing the 
compressed adsorbate from the compressor to enter into the bed through an inlet solenoid valve. During this process 
the other solenoid valve (outlet valve) remains closed. In the second step, closure of the inlet valve and opening of 
the outlet valve results in depressurization (desorption) of the bed. These two processes occurring in quick 
succession create a temperature gradient in the bed. Consequently, the end where gas enters or leaves the bed 
remains cooler than the other end. Other than the two solenoid valves, there is an orifice or small opening at the hot 
end. The orifice is kept open throughout the whole process enabling the creation of a pressure gradient between the 
two ends of the column. Koley and Ghosh (2014) in another work have shown that incorporating this orifice opening 
increases the magnitude of the temperature drop between the hot and cold ends. 
While different adsorbent-adsorbate combinations are suitable for different temperature zones, theoretical 
investigations involving the activated carbon-hydrogen pair have been made for generating refrigeration around the 
normal boiling point of liquid nitrogen. Cooling obtained in this process depends on different operating and 
geometrical parameters related to the system. Operating conditions such as charging pressure, degree of orifice 
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opening, heat-sink temperature have significant effect on the cold end temperature. Use of different activated carbon 
types as adsorbent has an effect on the cold-end temperature. Theoretical studies involving activated carbon and 
hydrogen as adsorbent-adsorbate pair are described in the following section assuming liquid nitrogen as the coolant 
for removing the heat of adsorption isothermally.  
2. Methodology  
In order to investigate the feasibility of generating cooling around the normal boiling point of liquid nitrogen 
(~77 K), a continuous solid sorption cooling cycle has been simulated theoretically. The choice of adsorbate for 
generating cooling near 77 K is limited. Hydrogen has been chosen as adsorbate so as to investigate its use in 
combination with activated carbon adsorbent. The effect of different operating conditions and some of the system 
parameters have been examined theoretically.  
The proposed sorption cooling process (Koley and Ghosh, 2013a) has been modified slightly as shown in Fig. 1. 
Liquid nitrogen precooling of the gaseous hydrogen has been introduced before entering the sorption bed. Liquid 
nitrogen is taken from the same storage for removing the heat of adsorption at the hot end. 
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Fig. 1. schematic of the physical model of the activated carbon bed. 
 
Experimental and theoretical details of the cooling process in activated carbon-nitrogen system have been 
described in an earlier work (Koley and Ghosh, 2014). These studies were limited to the non-cryogenic temperature 
domain (around room temperature). In order to study the suitability of this process in the realm of cryogenic 
temperature, a theoretical investigation has been envisaged with the hydrogen-activated carbon (adsorbate-
adsorbent) combination, assuming that liquid nitrogen is available as coolant for removing heat of adsorption. The 
simulation has been restricted within the adsorbent bed, presuming continuous supply of compressed hydrogen at 
77 K to the column. In the following paragraphs, a brief summary of the theoretical model used in this study is 
described. 
Transient mass and energy balance equations, Eqs. (1) and (2) have been used for finding out the density and 
temperature profiles in the bed: 
 
ߝ డఘ
డ௧
൅ ߝ డ
డ௫
ቂݑߩ െ ܦ௔௫
డఘ
డ௫
ቃ ൅ ሺͳ െ ߝሻߩ௦ܯ௚
డ௤ሺ௫ǡ௧ሻ
డ௧
ൌ Ͳ, (1) 
 
ൣߝܣଵߩܥ௣ ൅ ሺͳ െ ߝሻܣଵߩ௦ܥ௣௦ ൅ ߝܣଶߩ௪ܥ௣௪ െ ߝܣଵܴߩ൧ ቀ
డ்
డ௧
ቁ െ ሺͳ െ ߝሻܣଵοܪߩ௦
డ௤ሺ௫ǡ௧ሻ
డ௧
ൌ  డ
డ௫
ቂܣଵ݇௕
డ்
డ௫
൅
ܣଶ݇௪௔௟௟
డ்
డ௫
െ ߝܣଵߩܥ௣ݑܶቃ െ݄௘௙௙ሺߨܦ଴ሻሺܶ െ ଴ܶሻ. (2) 
1202   Susmita Koley and Indranil Ghosh /  Physics Procedia  67 ( 2015 )  1199 – 1205 
The terms in the Eq. (1) from left side respectively represent the amount of accumulated gas in the intra-particle 
space, the convective mass flux including axial dispersion of gas and the amount of adsorbed gas. In the energy 
balance equation, the coefficient of the partial time derivative of temperature includes four terms which respectively 
denote the heat accumulation in the gas phase, in the adsorbent and in the wall and heat generation due to 
compression of gas. The second term in the left hand side of Eq. (2) signifies the heat liberated due to exothermic 
adsorption process. The spatial derivative in the right hand side contains conduction heat flux in the bed as well as in 
the wall and the convective heat flux. Thermal interaction between adsorbent column and surroundings has been 
taken into account through the last term in Eq. (2). The initial and boundary conditions and other relevant 
expressions (like rate equations etc.) are omitted in the present manuscript. Details can be obtained from the earlier 
work (Koley and Ghosh, 2014). The governing transient mass and energy balance equations Eqs. (1) and (2) have 
been discretized using the Euler implicit method and central difference scheme. The resulting equations have been 
solved by writing a C++ program. Validation of the theoretical predictions and experimental results has been 
performed (Koley and Ghosh, 2014). Finally, the adsorption and desorption models have been coupled together for 
simulating the sorption cycle.  
3. Results and discussion 
Desirable features primarily looked for in adsorbents to be used are the high equilibrium adsorption capacity and 
the heat of adsorption/desorption (Koley and Ghosh, 2013b). In the present analysis, three different activated carbon 
samples, characterised and reported in the literature, have been selected (Chahine, et al., 2001; Zheng. et al., 2014 
and Delahaye, et al., 2002). At the onset, the equilibrium adsorption capacity (at 77 K) multiplied by the 
corresponding heat of adsorption have been plotted as a function of charging pressure (Fig. 2). The heat of 
adsorption for the activated carbons of Chahine, et al. (2001), Zheng, et al. (2014) and Delahaye, et al. (2002) have 
been taken as 6.4 kJ/mol, 6.4 kJ/mol and 3.9 kJ/mol respectively. Fig. 2 indicates that the carbon samples would 
result in different degrees of cooling in the different operating pressures zones. Beyond 2.3 MPa operating pressure, 
it is expected to obtain more cooling with the activated carbon of Chahine, et al. (2001) than the same generated with 
the activated carbon of Zheng, et al. (2014) or Delahaye, et al. (2002). Fig. 3 indicates the correctness of this 
hypothesis. Lowest cold end temperature produced with different activated carbons, when plotted as a function of 
the operating pressure (Fig. 3) shows that the activated carbon of Chahine, et al. (2001) generates more cooling at 
pressure higher than 2 MPa as compared to the other carbons. The smaller value of the product term for activated 
carbon of Delahaye, et al. (2002) justifies the insignificant cooling obtained with it. In the following studies 
involving parametric variations, the activated carbon of Chahine, et al. (2001) has been considered.  
 
 
 
Fig. 2. Product of equilibrium adsorption capacity and heat of           
adsorption for three different activated carbons. 
 
Fig. 3. Effect of using different activated carbons on cold      
end temperature. 
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Fig. 4. Temperature and pressure profile of activated carbon bed at 3 MPa pressure. 
 
Lowering the temperature at the cold end of the adsorbent tube depends on multiple variables including operating 
conditions and the geometrical parameters. The effects of some of the important ones are described in the following 
section. Simulation of typical time-temperature-pressure variations at the two ends of the adsorbent column for 
5 s adsorption and 5 s desorption cycle is shown in Fig. 4. Results have been simulated up to 200 s. The bed has been 
pressurized up to 3 MPa during adsorption. In the other half of the cycle, the bed is allowed to desorb down to 
0.1 MPa. Nevertheless, a small difference in pressure between the hot and cold ends indicates that the orifice valve is 
kept open slightly allowing some of the compressed gas to flow through the bed. Starting from an initial temperature 
of 77 K, the cold end temperature inside the bed has been found to reach a minimum of 57 K.  
With the increase in the operating pressure from 2 to 4MPa, decrease in the minimum cold end temperature has 
been observed (Fig. 5). However, the minimum cold end temperature cannot be lowered indefinitely with the 
increase in pressure when the rate of adsorption attains saturation.  
It has been observed (Koley and Ghosh, 2013a; Koley and Ghosh, 2014) that orifice opening has a significant 
effect on the cold end temperature. The change in orifice opening in the present study has been simulated using 
different valve flow coefficient (Cv). Fig. 6 depicts the pressure variation of the cold end temperature for three 
different valve flow coefficients keeping the entry and exit solenoid valve flow coefficients constant. Larger Cv 
values implying larger opening of the orifice help reducing the cold end temperature up to a certain value of the Cv, 
beyond which, the decrease in cold end temperature becomes insignificant. The effects of the entry and exit solenoid 
valve flow coefficients become important. It may also be noted that at higher pressure, lowering of the cold end 
temperature is independent of the valve flow coefficient. 
A notable change in the temperature profile can be seen if the cooling provided by liquid nitrogen is removed. In 
absence of liquid nitrogen, the adsorbate (gaseous hydrogen) enters the bed at ambient temperature (assumed to be at 
300 K) and the heat rejection at the hot end also takes place around 300 K. Under these circumstances, the resulting 
temperature profile between the two ends (shown in Fig. 7) reveals hardly any temperature drop as compared to the 
situation when nitrogen precooling and a liquid nitrogen heat sink is used. The different degree of cooling obtained 
at the different temperature zones can be explained by the second term on the left hand side of the energy balance 
equation (Eq. 2). This term contains the adsorption rate and the heat of adsorption for the adsorbent/adsorbate pair. 
Adsorption capacity is a strong function of temperature and pressure. When the isotherms at 77 K and 300 K, 
multiplied by the corresponding heat of adsorption, are plotted as a function of pressure, one can observe a large 
difference between the two (Fig. 8). It is due to this wide difference in the resulting product (of sorption rate and heat 
of adsorption) that activated carbon-hydrogen is not a suitable pair for near room temperature application (around 
300 K), while the same combination can be effective at the liquid nitrogen temperature region (~77 K). 
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Fig. 5. Effect of operating pressure on cold end temperature. 
 
 
Fig. 6. Effect of orifice opening on cold end temperature. 
 
 
 
 
Fig. 7. Temperature profile in activated carbon bed at 77 K and 300 K. 
 
 
Fig. 8. Product of equilibrium adsorption capacity and heat of 
adsorption for 77 K and 300 K. 
 
4. Conclusion 
Theoretical study reveals that a mechanical compressor driven solid sorption cooling can be generated 
continuously in activated a carbon-hydrogen based system with the removal of heat of adsorption at liquid nitrogen 
temperature.  
While this adsorbent-adsorbate pair is not suitable for cold production near room temperature applications, this 
pair has been found effective at low temperature. The term defined by the product of equilibrium adsorption capacity 
and heat of adsorption determines the production of temperature drop at different conditions.  
Higher operating pressure creates larger temperature drop due to high adsorption rate of adsorptive at elevated 
pressure. A larger opening of the orifice increases the cold generation, this is limited by the rate of entry of gas 
through the valve at entrance.  
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